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METHODS AND APPARATUS FOR COUNTING AND 
POSITIONING USING RESONANT TAGS 

FIELD OF THE INVENTION 

[0001] The invention relates to electronic sensing and tracking, and, in particular, to the use 
of resonant tags for counting items and determining their relative position. 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0002] The present application claims the benefit of co-pending provisional application no. 
60/398,303, filed on July 23, 2002, the entire disclosure of which is incorporated by reference as 
if set forth in its entirety herein. 

BACKGROUND OF THE INVENTION 

[0003] Various technologies are known for monitoring the position or relative position of an 
object or group of objects. One technology equips an implement with a tuned circuit and places 
the implement in proximity to a tablet having coils extending in two coordinate directions. The 
tablet coils are sequentially excited with AC energy having approximately the same frequency as 
the resonant frequency of the tuned circuit. The excitation causes the tuned circuit to interact 
with and change the AC current flowing in the coils of the tablet. The AC current flowing in the 
coils of the tablet changes as a function of the position of the tuned circuit and therefore, with the 
position of the implement, with the current experiencing the greatest changes in those coils 
closest to the implement. The changes in the current are measured and interpolated to determine 
the position of the implement. One version of this technology tracks at least two implements at 
the same time. 

[0004] In some circumstances, the absolute location of an object is less important than its 
relationship to other objects. For example, various technologies are suited to counting the 
number of objects in a set of objects. For example, one approach equips each object with an 
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easily-recognizable marker such as a bar code, a reflective tag, or a colored dot. Then, an 
automated vision system receives an image of the set and counts the number of markers in the 
image to determine the number of objects in the set. This system has its failings. For example, a 
marker on one object may be obscured by dirt or by another object. Changing the orientation of 
the object, e.g., such that the marker faces away from the camera, may render this system 
inaccurate or may otherwise hinder the operation of the system. Another approach utilizes scales 
calibrated to the weight of a single object, providing a count of the number of objects on the 
scale and their spatial location, but this approach may provide poor spatial resolution relative to 
the size of the object. 

[0005] A need therefore exists for improved apparatus and methods capable of counting the 
number of objects in a set or determining the position or relative position of the objects in the set. 
In light of general public concern over privacy issues regarding electromagnetic tagging, it 
would be desirable to have a technology that provides automated counting and tracking functions 
without using electronic chips and individual ID numbers. 

SUMMARY OF THE INVENTION 

[0006] The present invention relates to methods and apparatus for counting or measuring the 
relative positions of a number of resonant tag elements in proximity to each other. By measuring 
the resonant frequency of a given set of tags using a reader antenna and comparing the measured 
frequency to a reference resonant frequency, the observed frequency shift is used to ascertain 
certain properties of the set of tags, such as the number of resonant elements present or the 
relative positions thereof. 

[0007] In one aspect, the present invention provides a method for counting a set of resonant 
tags, each tag having at least one resonant element. A reference resonant frequency, coq, that is 
common to the tags is provided and the resulting resonant frequency of the set of interacting 
tags, co, is measured. The number of resonant elements in the set, n, is determined using the 
measured frequency and the reference frequency. The reference resonant frequency may be 
measured or computed from the known geometry or the physical dimensions of a tag. 
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[0008] Each tag may include one or more resonant elements, and, in one embodiment, each 
tag is identical to the other tags of the set. In a further embodiment, the set of tags has multiple 
subsets of resonant elements, with each subset of resonant elements having its own resonant 
frequency. 

[0009] Each tag may be affixed to a movable object. The set of tags may be arranged in a 
stack and, in one embodiment, pairs of adjacent tags in the stack have a substantially equal 
spacing. 

[0010] Generally speaking, n is a monotonic function of the measured resonant frequency. 
In one embodiment, each tag present has an inductance, Z, and the number of tags present is 

JL 2 ia) 2 -co 2 ) 
— — + 1 , where M is the mutual inductance 
co M 

between the individual tags. 

[0011] The reference frequency, coq, may be provided using several techniques in accord 
with the present invention. In one embodiment, the reference frequency is provided as a 
regression-fit function to a plurality of empirical measurements of the number of tags in a test set 
and the resonant frequency of the test set. In another embodiment, the reference frequency is 
provided as a value determined from at least one measurement of a single tag. In still another 
embodiment, the reference frequency is provided as a value determined from at least one 
measurement of a plurality of tags. In yet another embodiment, the reference frequency is 
provided as a value computed from the known geometry and dimensions of each tag in the set. 

[0012] In another aspect, the present invention provides a method for determining the 
separation between a pair of tags, each tag having at least one resonant element. A reference 
resonant frequency, coq, that is common to the tags is provided and the resulting resonant 
frequency of the pair of interacting tags, co, is measured. The separation between the pair of tags 
is determined using the measured frequency and the reference frequency. The separation 
determined may be a lateral distance or an axial distance. Each tag in the set is typically affixed 
to a movable object. 

[0013] The reference resonant frequency, coo, may be determined using several techniques in 
accord with the present invention. In one embodiment, the reference frequency is provided as a 
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regression-fit function to a plurality of empirical measurements of the separation between a test 
pair of tags and the resonant frequency of the test pair. In another embodiment, the reference 
frequency is provided as a value determined from at least one measurement of a single tag. In 
still another embodiment, the reference frequency is provided as a value determined from at least 
one measurement of a plurality of tags. In yet another embodiment, the reference frequency is 
provided as a value computed from known parameters of a resonant element in the set. 

[0014] In one embodiment, determining the separation between the pair of elements includes 
determining the mutual inductance between the pair of tags and determining the value of the 
separation using the mutual inductance. 

[0015] In still another aspect, the present invention provides an apparatus for counting a set 
of tags, each tag having at least one resonant element. A source provides at least one reference 
frequency, coo, common to all tags and a sensor measures the resultant resonant frequency of the 
set of the interacting tags, co. A computational element determines the number of tags in the set, 
n, using the measured frequency and the reference frequency. The reference resonant frequency 
may be measured or computed from the known geometry or physical dimensions of a tag. 

[0016] Each tag may include one or more resonant elements and, in one embodiment, each 
tag is identical to the other tags of the set. The set may have multiple subsets of resonant 
elements, with each subset of resonant elements having its own resonant frequency. 

[0017] Each tag in the set is typically affixed to a movable object. The set of tags may be 
arranged in a stack and, in one embodiment, pairs of adjacent tags in the stack have a 
substantially equal spacing. 

[0018] Generally speaking, n is a monotonic function of the measured resonant frequency. 
In one embodiment, where each resonant element has an inductance, L, the number of tags 

— — — r- 5 ^ + 1 , where M is the mutual 
co M 

inductance between the individual tags. 

[0019] The reference resonant frequency, coo, may be provided using several techniques in 
accord with the present invention. In one embodiment, the reference frequency is provided as a 
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regression-fit function to a plurality of empirical measurements of the number of tags in a test set 
and the resonant frequency of the test set. In another embodiment, the reference frequency is 
provided as a value determined from at least one measurement of a single tag. In still another 
embodiment, the reference frequency is provided as a value determined from at least one 
measurement of a plurality of tags. In yet another embodiment, the reference frequency is 
provided as a value computed from known parameters of a resonant element in the set. 

[0020] In yet another aspect, the present invention provides an apparatus for determining the 
separation between a pair of tags. The apparatus includes a source providing at least one 
reference resonant frequency, coo, common to the tags and a sensor for measuring the resulting 
resonant frequency of the pair of interacting tags, co. A computational element determines the 
separation between the pair of tags using the measured frequency and the reference frequency. 
The separation may be a lateral distance or an axial distance. Each tag in the set is typically 
affixed to a movable object. 

[0021] The reference frequency, cqq, may be provided using several techniques in accord 
with the present invention. In one embodiment, the reference frequency is provided as a 
regression-fit function to a plurality of empirical measurements of the separation between a test 
' pair of tags and the resonant frequency of the test pair. In another embodiment, the reference 
frequency is provided as a value determined from at least one measurement of a single tag. In 
still another embodiment, the reference frequency is provided as a value determined from at least 
one measurement of a plurality of tags. In yet another embodiment, the reference frequency is 
provided as a value computed from known parameters of a resonant element in the set. 

[0022] In one embodiment, determining the separation between the pair of elements includes 
determining the mutual inductance between the pair of tags and determining the value of the 
separation using the mutual inductance. 

[0023] The foregoing and other features and advantages of the present invention will be 
made more apparent from the description, drawings, and claims that follow. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The advantages of the invention may be better understood by referring to the 
following description taken in conjunction with the accompanying drawings in which: 

[0025] FIG. 1 depicts a reader module and reader antenna in proximity to a set of objects 
labeled with resonant tags in accord with present invention; 

[0026] FIG. 2 depicts a circuit model representing a reader antenna and two adjacent tags, 
each tag having a single resonant element and being mutually inductive; 

[0027] FIG. 3 illustrates an embodiment of the present invention utilizing an antenna to 
determine the lateral separation between a pair of objects labeled with resonant tags; 

[0028] FIG. 4 is a flowchart illustrating a method to determine the lateral separation of a pair 
of objects labeled with resonant tags in accord with the present invention; 

[0029] FIG. 5 illustrates an embodiment of the present invention utilizing an antenna to 
determine the axial separation between a pair of objects labeled with resonant tags; 

[0030] FIG. 6 is a flowchart illustrating a method for determining the axial separation of a 
pair of objects labeled with resonant tags in accord with the present invention; 

[0031] FIG.7 illustrates an embodiment of the present invention utilizing an antenna to 
determine the number of stacked objects labeled with resonant tags; and 

[0032] FIG. 8 is a flowchart illustrating a method for determining the number of resonant 
tags in accord with the present invention. 

[0033] In the drawings, like reference characters generally refer to corresponding parts 
throughout the different views. The drawings are not necessarily to scale, emphasis instead 
being placed on the principles and concepts of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0034] The present invention relates to methods and apparatus for counting or measuring the 
relative position of a number of resonant tag elements in proximity to each other. Each 
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individual tag may possess one or more resonant frequencies. All of the tags in a set of tags have 
at least one resonant frequency in common, also known as a reference frequency. More 
specifically, the reference frequency is the value of this common frequency when a single tag is 
present and not subject to any perturbations caused by interactions with other tags in the set. If 
more than one tag is present, the tags will interact to produce a shift in the measured resonant 
frequency. This new measured frequency is then compared to the reference frequency, g>o, in 
order to ascertain the number of tags or the relative position of the tags in the set. In general, 
these tag elements are suited for attachment to fixed or movable objects and, therefore, may be 
used to determine various properties of the objects, such as their number and their lateral or axial 
separation. 

[0035] The resonant tags described herein contain resonant elements and may be 
manufactured in the form of planar conductive foil structures that may be integrated into so- 
called "smart labels" or "smart packaging materials." By attaching these smart labels to objects 
such as, for example, playing cards, greeting cards or toys in a display rack, board games on a 
shelf, or candy wrappers in a snack vending machine, it is then possible to perform a variety of 
automated tasks such as real-time inventory management and positioning of objects in or above a 
machine. In one embodiment, the resonant elements are electromagnetic resonators, each having 
an inductance, L, and a capacitance, C. In some embodiments L and C may also be distributed 
physical quantities. The resonant elements may be in the form of a planar coil, for example. 

[0036] Generally speaking, the methods and apparatus of the present invention use changes 
in measured resonant frequency (or frequencies) to ascertain certain information concerning a set 
of tags, such as the number of tags present or the relative position thereof. The relationship 
between the measured frequency and the parameters of interest can be determined through a 
series of empirical measurements, through the use of a baseline resonant frequency 
computationally determined from the tag's geometry, or through the use of a calibration 
measurement of an isolated tag or set of tags. 

Derivation Using Circuit and Energy Models 

[0037] Referring to FIG. 1, in accord with the present invention, one or more objects lOOi, 
IOO2 (generally 100 N ) labeled with resonant tags 104^ 1042 (generally 104 N ) are placed within 
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range of tag reader antenna 108. Of course, multiple antennae 108 N may be used to, e.g., provide 
failsafe backups but, to simplify discussion, it is assumed that there is only one antenna 108. 

[0038] The antenna 108 is in communication with a reader module 1 12. The reader module 
112 may communicate with an external network through wireless or physical connections, for 
example, using such protocols as RS-232, USB, Bluetooth, Infrared Data Association (IrDA), 
and WiFi (IEEE 802.11a/b). The reader module 112 typically includes a processor and a 
memory that executes programmed instructions. In some embodiments, the reader module 112 
uses application-specific circuits or includes one or more special-purpose computers. In other 
embodiments, the reader module 112 is one or more general purpose computers executing 
software providing this functionality. 

[0039] As shown in FIG. 2, the tag reader antenna 108 may be implemented or modeled as a 
coil having inductance, L\ 9 with voltage, V\ 9 and current, I\. The resonant tags 1 04 1, 1042 may be 
implemented or modeled as LRC circuits. That is, tag 104i may be assumed to have an inductive 
component, Li 9 a resistive component, i?2, and a capacitive component, C 2 . Tag 104i also has its 
own voltage, F2, and current, h. Analogous considerations apply to tag 1042, i.e., tag 1042 is 
associated with parameters Z3, i?3, C3, F3, and I3. 

[0040] The antenna 108 is magnetically coupled to the resonant tags 104i, 1042, which are in 
turn magnetically coupled to each other. If the reader antenna 108 is considerably larger than the 
resonant tags 104 N , such that the tags 104 N fit comfortably within the excitation field of the 
reader antenna 108, then the mutual inductance between the reader 108 and each of the tags 
104n — which is denoted M\ — may be assumed to be the same for each of the tags 104n. This 
assumption is not necessary, but is made to simplify the following discussion. The mutual 
inductance between tag 104i and tag 104 2 is denoted as M2, yielding the following system of 
equations: 

V x = jcoL x I x + ja>M x I 2 + jo)M { I 3 (Eq. 1) 
V 2 = -j6)L 2 I 2 - jcoM x l x + jo>M 2 I 3 (Eq. 2) 
V 3 = -ja>L 3 I 3 - jo)M x I x + jo)M 2 I 2 (Eq. 3) 
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V 2 =I 2 



R + - 



(Eq. 4) 



R + - 



(Eq. 5) 



[0042] Reader module 1 12 measures the series impedance of the tag reader antenna 108 as 
influenced by its coupling with the tags 104n, which is defined to be Z\. That is, Z\ reflects the 
physical properties of the antenna 108 as well as any induced currents resulting from the 
proximity of the tags 104n. Assuming the presence of two tags 104i, 1042, then Z\ may be 
written as: 

Z,=>/, ^<'W/^1 (E,.6) 
co M 2 + Z 2 Z 3 

where Z2 and Z3 are shorthand representations for the series impedances of each of the tags 
represented as LRC circuits. That is, Z2 = Ri + JC0L2 + MjcoCi and Z3 = R3 + JC0L3 + MjcoC^ 

[0043] By expanding the impedance terms, this formula may be used to calculate the 
magnitude or phase of the measured signal. A simplified formula for the change in the resonant 
frequency is obtained by assuming that the tags 104i, 104 2 are lossless and identical such that R 
= 0. The enumerated subscripts for the resistive, inductive, and capacitive components of the 
tags 1 04 1, 1042 may be dropped, yielding the following formula: 



Zj = jcoL x + 
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(Eq. 7) 



where col - . 
0 LC 



[0044] The resonant frequency, to, of the system occurs at the "poles" of Eq. 7, i.e., at the 
roots of the denominator where Z\ has its local maxima: 
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(Eq. 8) 



[0045] This result may be verified by assuming that M 2 = 0, i.e., by "turning off' the mutual 
inductance between tags. Then, the formula for the resonant frequency (Eq. 8) collapses to the 

2 2 1 

familiar result: co -co, = . 

0 LC 

[0046] For larger numbers of tags 104n, it may be preferable to use an energy calculation to 
derive the shift in the collective resonant frequency of the tags 104n in the field of the antenna 
108. The reader antenna 108 may still be described with impedance Z\ 9 voltage V\ 9 and current 
I\, but the total effective capacitance (C e ), inductance (Z e ), and resistance (i? e ) of the system as a 
whole may be expressed as: 

/./• |/| 2 

C e = — 5 — = -4 — (Eq. 9) 
Aco 2 0 W e 4co 2 0 W e 



AW AW 



L e =-TTr = T7T ( E( i- 10 ) 



2P ! __2P I 



where Pi is the power lost and W e and W m are the stored electrical and magnetic energies of 
the system, respectively. The sum of W e and W m equals the total energy stored in the 
system. 

[0047] At resonance, W e = W m and the resonant frequency of the system, cqq, may be 
described in terms of the effective inductance and capacitance of the system: 

°>«=ik (Eq i2) 

[0048] For an inductively-coupled system, the number and relative position of the resonant 
tags 104n changes the amount of magnetic energy, W m of the system. Consequently, as more 
tags 104 N are added to the system in potentially arbitrary orientations, the magnetic energy of the 
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system increases or decreases in a measurable fashion. Thus, each additional tag 104n 
contributes an amount of magnetic energy proportional to the current and the flux that pass 
through it. The magnetic energy of n coupled circuits is given by: 

W^^lM (Eq.13) 

2 /=1 

[0049] Therefore, in accord with the present invention, it is possible to predict the shift in 
frequency based on the relative orientations of the tags and the reader antenna. As a particular 
tag 104n is added to or moved in the field of reader antenna 108, the direction of the tag's 
induced field vector will determine whether its field will add or subtract from the total field of 
the system. Increasing the magnetic energy of the system will reduce the resonant frequency, 
while decreasing the magnetic energy will increase the resonant frequency. 

[0050] By changing the relative position/orientation of the tags 104n — and therefore 
changing the magnitude and sign of the mutual inductance factors — it is possible to vary the 
observed resonant frequency over a range of values, even if all of the tags 104 N have identical 
resonant frequencies. If the mutual inductance between the reader antenna 108 and each tag 
104n is not equal for all tags 104n, then it is possible to increase the resonant frequency of some 
tags 104n while decreasing the resonant frequency of other tags 104n- This may produce 
multiple resonances as manifested by several distinct resonant peaks. 

Lateral Positioning 

[0051] Referring to FIG. 3, the observed shift in resonant frequency may be used to 
determine the lateral separation, d, between two or more resonant tags 104n that are in the 
excitation field of a reader antenna 108, for example, to determine the location of tagged pieces 
on a chessboard or to track the location of tagged objects in a manufacturing process. In this 
case, the mutual inductance, Adfe, between the tags 104j, 1042 produces a magnetic flux that 
opposes the flux due to the mutual inductance, M\, between the tags 104 N and the reader antenna 
108. Thus, the difference of sign in the mutual inductance, Mi, produces an increase in the 
observed resonant frequency, co. The opposing magnetic fluxes partially cancel each other, 
reducing the magnetic stored energy, W m , resulting in a smaller effective inductance for the 
system and, thus, a higher resonant frequency. 
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[0052] FIG. 4 presents a flowchart of a method for determining the lateral separation, d, 
between two resonant elements 104i, 1042. In some embodiments, this method is performed 
using application-specific circuits or special-purpose computers. In other embodiments, this 
method is performed using one or more general purpose computers executing software providing 
this functionality. 

[0053] In a first embodiment, the resonant elements 104j, 104 2 are arranged as depicted in 
FIG. 3 and several measurements of resonant frequency, co, are taken as the lateral separation, d, 
between the elements 104i, 104 2 is varied. With these measurements, an appropriate function is 
identified that specifies the lateral separation, d, between the elements 1 04 1, 1042 as a function of 
resonant frequency, a), using, for example, regression analysis. In subsequent operation, a 
measurement of resonant frequency, co, (Step 400) for a pair of tags separated by an unknown 
lateral separation, d, is provided as an input to the function, yielding a value for d (Step 404). 

[0054] In a second embodiment, a measurement of resonant frequency, coo, is taken for a 
resonant element 104><. In subsequent operation, a measurement of resonant frequency, o>, (Step 
400) for a pair of tags 104i, 104 2 separated by an unknown lateral separation, d, is provided as an 
input to Eq. 8. The baseline resonant frequency, a>o, and the actual measured resonant frequency 
of the tag system, co, (Step 400) are used to solve for Mi, the mutual inductance between the 
resonant elements 104j, 104 2 (Step 408) using Eq. 8. The lateral separation, d, between the 
elements 104i, 104 2 is determined using the value of the mutual inductance, either 
computationally from a model or by consulting a lookup table specifying predetermined paired 
values of A/2 and d (Step 404). 

[0055] In a third embodiment, it is assumed that each resonant tag 104n has an inductance 
substantially equal to Z, and the resonant frequency, coo, for a single tag 104n is computed using 
the physical parameters of the tag. The computed resonant frequency, a>o, and the actual 
measured resonant frequency of the tag system, a>, (Step 400) are provided as inputs to Eq. 8 and 
are subsequently used to solve for M 2 , the mutual inductance between the resonant elements 
104i, 104 2 (Step 408). Using the value of the mutual inductance, the lateral separation, d, 
between the elements 104i, 1042 is determined, either deterministically, iteratively, or by 
consulting a lookup table specifying predetermined paired values of Mi and d (Step 404). 
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Axial (Perpendicular) Positioning 

[0056] Referring to FIG. 5, it is also possible to use the shift in resonant frequency to 
ascertain the axial separation, /*, between two or more tags 104 N , for example, to determine the 
separation between the faces of two toy building blocks. 

[0057] Since the mutual inductance, M2, between any two tags 104j, 1042 is a nonlinear 
function of the axial separation, /z, between the tags 104i, 1042, the measured resonant frequency, 
co, is also a function of this separation. This measurement is particularly useful when the axial 
separation, h, is less than three times the diameter of the object 100n, whereupon so that the 
mutual inductance between tags 104 N produces a change in the observed resonant frequency, ca, 
of at least a few percent. In a typical embodiment, the diameter of the reader antenna 108 is 
considerably larger than the diameter of the resonant tags 104n, so it may be assumed that, M\ 9 
the mutual inductance between the reader antenna 108 and the tags 104 N remains roughly 
constant throughout the operating distance of the tags. 

[0058] FIG. 6 presents a flowchart of a method for determining the axial separation, h 9 
between two resonant elements 104i, 1042. In some embodiments, this method is performed 
using application-specific circuits or special-purpose computers. In other embodiments, this 
method is performed using one or more general purpose computers executing software providing 
this functionality. 

[0059] In a first embodiment, the resonant elements 104i, 1042 are arranged as depicted in 
FIG. 5 and several measurements of resonant frequency, ca, are taken as the axial separation, h, 
between the elements 104i, 1042 is varied. With these measurements, an appropriate function is 
identified that specifies the axial separation, h, between the elements 104i, 1042 as a function of 
resonant frequency, a>, using, for example, regression analysis. In subsequent operation, a 
measurement of resonant frequency, co 9 (Step 600) for a pair of tags separated by an unknown 
axial separation, h, is provided as an input to the function, yielding a value for h (Step 604). 

[0060] In a second embodiment, a measurement of resonant frequency, coq, is taken for a 
resonant element 104 N . In subsequent operation, a measurement of resonant frequency, a>, (Step 
600) for a pair of tags 104i, 104 2 separated by an unknown axial separation, /*, is provided as an 
input to Eq. 8. The baseline resonant frequency, cqq, and the actual measured resonant frequency 
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of the tag system, co, (Step 600) are used to solve for M 2i the mutual inductance between the 
resonant elements 104i, 104 2 (Step 608) using Eq. 8. The axial separation, h, between the 
elements 104i, 104 2 is determined using the value of the mutual inductance, either computed 
from a model or by consulting a lookup table specifying predetermined paired values of M 2 and h 
(Step 604). 

[0061] In a third embodiment, it is assumed that each resonant tag 104 N has an inductance 
substantially equal to Z, and the resonant frequency, <yo, for a single tag 104 N is computed using 
the physical parameters of the tag. The computed resonant frequency, cy 0 , and the actual 
measured resonant frequency of the tag system, co, (Step 600) are provided as inputs to Eq. 8 and 
are subsequently used to solve for M 2 , the mutual inductance between the resonant elements 
104i, 1042 (Step 608). Using the value of the mutual inductance, the axial separation, h, between 
the elements 104i, 104 2 is determined, either deterministically, iteratively, or by consulting a 
lookup table specifying predetermined paired values of M 2 and h (Step 604). 



Counting Resonant Tags 

[0062] In the case of identical resonant tags 104 N having inductance L 9 it is also possible to 
use the measured shift in resonant frequency to determine the number of tags 104n present, for 
example, to count the number of tagged greeting cards in a stack of cards. If it is possible to 
maintain a substantially consistent spacing between the resonant elements 104 N , by stacking 
them on top of each other or placing them at fixed, consistently spaced locations as illustrated in 
FIG. 7, then the additional mutual inductance, M 2 , presented by each tag 104n is roughly 
constant, resulting in a relationship between resonant frequency and item count such that: 



co = CO, 



U 2 -((«-l)M 2 ) 2 J 



(Eq. 14) 



where n is the item count. 



[0063] FIG. 8 presents a flowchart of a method for determining, n, the number of resonant 
tags 104 N . In some embodiments, this method is performed using application-specific circuits or 
special-purpose computers. In other embodiments, this method is performed using one or more 
general purpose computers executing software providing this functionality. 
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[0064] In a first embodiment, the resonant elements 104 are arranged as depicted in FIG. 7 
and several measurements of resonant frequency, co, are taken as the number of resonant 
elements, n, is varied. With these measurements, an appropriate function is identified that 
specifies the number of resonant elements, n, as a function of resonant frequency, co, using, for 
example, regression analysis. In subsequent operation, a measurement of resonant frequency, o>, 
(Step 800) for a set of tags of unknown number, n, is provided as an input to the function, 
yielding a value for d (Step 804). 

[0065] In a second embodiment, a measurement of resonant frequency, coo, is taken for a 
single tag 104n- In subsequent operation, a measurement of resonant frequency, co, (Step 800) 
for a set of tags of unknown number, n, is provided as an input to a formula derived from a 
circuit model such as Eq. 14. The baseline resonant frequency, coo, and the actual measured 
resonant frequency of the tag system, co, (Step 800) are used to solve for n, the number of 
resonant elements (Step 804) using Eq. 14. 

[0066] In a third embodiment, it is assumed that each resonant tag 104n has an inductance 
substantially equal to L, and the resonant frequency, coo, for a single tag 104n is computed using 
the physical parameters of the tag. The computed resonant frequency, coq, and the actual 
measured resonant frequency of the tag system, co, (Step 800) are provided as inputs to Eq. 14 
and are subsequently used to solve for n, the number of resonant elements (Step 804). 

[0067] As the number of tags 104n increases, conducting losses and AC losses may cause the 
change in frequency shift to deviate from the baseline specified by Eq. 14, producing a 
progressively smaller frequency shift as more resonant elements 104n are added. Errors in the 
frequency shift due to lateral misalignment of the tagged items 100 N may be reduced by 
increasing the size of the tag 104n or, in certain embodiments, by increasing the size of the 
resonant element coil. 

[0068] Many alterations and modifications may be made without departing from the spirit 
and scope of the invention. For example, other configurations of resonant elements may be 
analyzed as a combination of a lateral position (as shown in FIG. 3) and an axial position (as 
shown in FIG. 5). Therefore, it is to be understood that these embodiments have been shown by 
way of example and should not be taken as limiting the invention, which is defined by the 
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following claims. These claims are thus to be read as not only including literally what is set 
forth by the claims but also to include those equivalents which are insubstantially different, even 
though not identical in other respects to what is shown and described in the above illustrations. 
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